Introduction
The main task of the preparation of natural gas for transportation is the separation of moisture and various additives that it contains. Traditionally, in the units of complex processing of gas (UCPG), the process of low temperature separation (LTS) is used, which occurs as a result of throttling of the flow of natural gas. A throttle effect (by Joule-Thomson) leads to the cooling of natural gas but the condensation of moisture and hydrocarbons in the separator is observed only when the temperature of gas mixture overtakes the dew point (DP).
It should be noted that the DP for water is different from that for hydrocarbons contained in natural gas. Accordingly, optimal conditions of separation for carbohydrate additives cannot simultaneously provide efficient selection of water from gas. Additional difficulties during moisture separation during the LTS are the influence of the flow rate of gas on the process of separation because, under certain values of the flow velocity, an unwanted removal of condensed droplets from the separator occurs [1] . These difficulties are caused by joint influence of a cross-sectional value of a throttle valve on the gas rate (flow velocity) and the pressure drop in the throttle.
Attention to the value of the flow rate of gas is predetermined also by the parameters of the productivity of this flow, since at certain minimal values of the flow the transportation of gas does not make any sense.
Different approaches for the measurement of gas rate, which are valid for certain terms of the gas flow, lead to substantial errors when the conditions of formation of the mode of throttling change. Additional components of the measurement error form as a result of neglecting a nonlinear nature of the relationship between the pressure and the flow rate during functioning of a throttle device in the working range of pressures and rates.
Depending on the pressure drop, laminar or turbulent flows form in the throttle [2] . In accordance with the pressure drop, subcritical or supercritical modes of the flow through the throttle are formed, which is usually not taken into account in determining the real flow rate.
Thus the relevance of the work is determined by the objective to obtain an adequate definition of the parameters of a throttling process, since an adequate model allows developing the criterion of efficient control over the process and creating a control system based on it.
Analysis of scientific literature and the problem statement
Software methods of gas flows simulation known at present, for example, HYSYS, are widely used not only for the design calculations but also in the management of the production process in the mode of "advisor" [3] . As a result of comparisons of the calculated data by Aspen-HYSYS simulator and the performance specifications of existing equipment, operation control of the flows of natural gas makes it possible to overtake optimal modes faster and to improve economic specifications of the processes of preparation gas for transportation.
MODELLING
However, more efficient specifications of control are achieved while building up specialized technological modelling systems [4] . Such systems allow receiving data that characterize the dynamics of the process of the LTS and adapting to the specifics of a particular technology of gas processing. In this case, optimization of the process is carried out as a result of processing of large arrays of collected data. In the research into the process of LTS by a modelling system [4] , it is believed that the flow rate Q is associated with the drop of pressure in the throttle ΔР by the ratio:
where K V is the throttle characteristic; ρ is the density of the flow. This statement is true only for the incompressible components of the flow, such as water or gas condensate. For the gas itself, depending on the modes of the flow of the mixture, the connection between the flow rate Q and the drop of pressures takes a more sophisticated form.
To study the effects of gas flow modes on its parameters, software simulation environment is used [5] that allows obtaining a distribution of the fields' pressures, flow velocity and the temperature of a well, depending on the diameter of a throttling hole of the well. However, the equations in partial derivatives, on which the results of the simulation are based, do not answer the question of building the tools to control the process and this problem becomes even more complicated when the flow parameters change in the time.
The peculiarities of controlling the process of moisture separation are in the fact that the flow parameters of natural gas supplied from a well arbitrarily change in the time. By enhancing the research into analysis of material flows of the LTS unit, a linear mathematical model of static and dynamic was created [6] , which allows formulating requirements to the regulator of material balance of liquid and gas phases in the separator. Efficient control of the LTS process is possible only while tracking parameters of gas flow -pressure and temperature. However, to construct an optimal management system or a system that adapts in a given range of changes of the flow parameters, based on the linearization of equations around one working point of the model, is quite difficult.
The objective to describe a throttling model of the flow by simplified equations or universal formulas leads under real conditions to errors in the control process of moisture separation. That is why it is only natural to take into account subcritical and supercritical modes of the flow, with modern trends of control systems design enabling their implementation based on microprocessor tools.
Passing over to the study of the modes under direct control of a throttle valve, one has to pay attention to the character of distribution of the air flow through the throttle. An example of such a study in the Wankel engine [7] allows assessing the dynamics of the device's processes and determining the ratio of the mass flow depending on the opening angle of a throttle valve. The results of the research, taking into account the values of pressure drop and the design of a throttle valve, cannot be directly used in the modelling of LTS processes.
The development of this approach for the modelling of a throttling device that is used in the LTS processes is based on considering the Joule-Thomson effect. This is necessary with regard to the fact that during the changing of the area of a throttle cross section, not only the pressure and gas rate change, but also the temperature of the flow. It is the objective to reduce the temperature of the flow to the DP, which predetermines the task of increasing a pressure drop by the reduction of pressure after the throttle, but in this case the flow rate falls down, and the well's productivity decreases accordingly. On the contrary, the increased rate due to a pressure rise after the throttle reduces the amount of removed water and condensate because carrying out of formed water droplets into the pipeline increases.
Thus, a model of the throttling process, which is used for the removal of moisture by the LTS method, must reflect relationship between pressure, flow temperature and its rate.
Taking into account the influence of the phase composition of the mixture of gas flow [6] under throttling complicates simulation of the LTS process. Implementation of the approach [8] , which defines the conditions of simplification of the estimates of the flow down to a single phase system, allows simplifying assessment of the indicator of criticality of the mode of the flow.
If we accept that the drop in gas pressure at a throttle does not overtake critical values, then in a settled throttling mode, considering insignificant deviation of gas pressure from the nominal, in the case of ideal uncompressed gas, the errors in determining the rate can be neglected. Then the change in the flow rate Q, which depends on the pressure difference before and after the throttle, is described by the formula (1) .
At the same time, for a supercritical mode, which is characterized by a significant drop of gas pressure, the flow rate is determined:
where μ is the coefficient of gas flow rate, f is the cross-sectional area of a throttle, Р 1 is the gas pressure before the throttle, R is the gas constant, Т 2 is the gas temperature. So, given the parameter of adiabat for real gas k=1,3, in accordance with the need to obtain maximal pressure drop that provides a proportional decrease of temperature, the estimate of the flow rate is carried out based on the equation of Saint-Venant-Wantzel [9] .
For a subcritical mode, when Y>Y cr , the formula is valid:
For a supercritical mode, at Y≤Y cr , the Saint-VenantWantzel equation takes the form:
where ε is the coefficient of rate of a throttle hole; Т 1 is the temperature in the pipeline; k is the adiabat parameter.
-indicator of criticality of gas flow, where Р 1 and Р 2 are the pressure before and after a throttle. In addition to the necessity of assessing the adequacy of the equations (1)- (4) of the flow throttling, a priority task of the research is the conditions of transition of a subcritical mode of throttling into a supercritical one because under conditions of a supercritical mode the manageability of a flow rate takes on a special meaning.
Nonlinearity of the connections of the flow parameters, as is evident from the formulas (1)- (4), with regard to the presence of only one channel of a throttling process management, complicates efficient control of the process of moisture separation.
Proceeding from the task of ensuring efficient management of the process of LTS of moisture from the gas flow under throttling to build a model of a throttle device, it is necessary to obtain an adequate description of this process.
Modern software tools allow reconsidering the concepts of building control systems of the LTS processes, which is why a mathematical model of a throttling device of the LTS process must match the level of the development of control systems.
The purpose and objectives of the study
The aim of the work is to create a model of a throttling device, which is used at the LTS of water and other carbohydrates from a gas flow.
To achieve the set goal, the following tasks were to be solved:
-to explore the conditions of formation of turbulent or laminar flows through a throttle depending on the position of a throttle valve, since under conditions of a supercritical mode the manageability of a flow rate takes on a special meaning;
-to identify parameters of an experimental installation of throttling the flow through the clarification of the transfer function of the throttle, using its physical model;
-to analyze the nature of the influence of the value of a cross-section throttle valve area on the flow parameters during the water and other carbohydrates LTS.
Analysis of distribution of the field of the flow under throttling
Given the fact that the present of the adequacy of the model on a real object is problematic, let us consider a spatial model of the flow under throttling in an experimental unit of separation of moisture from compressed air, to compare the result of the simulation with the data of measurements.
For the implementation of the model, a geometric simulation of a throttling device is built in the Solid Works package and it is exported to the ANSYS environment [10] .
At the input of the model, the parameters of the incoming air stream are set: the pressure Р=8 atm, the flow rate Q=19 m 3 /h. Fig. 1 . Analysis of the level of turbulence of a throttling flow allows forecasting a distribution of temperatures of this flow, and the trajectory of the moisture droplets, respectively, formed under throttling. The results of the analysis make it possible to calculate mode parameters of the flow, which provides conditions for sustainable droplet formation, to optimize the design of a moisture separator and the possibilities of controlling the value of the gas (air) flow rate.
For a purposeful management of the process of precipitation of the moisture contained in gas, a subcritical mode is acceptable, which allows minimizing the carrying out of moisture drops into the pipeline as a result of the control.
Identification of parameters of a throttle
To identify the parameters of an experimental unit of water removal from the flow of compressed air that is injected by compressor, the scheme shown in Fig. 2 is used. Fig. 2 . Scheme of an experimental installation: P 1 and P 2 are the pressure before and after the throttle; Q -flow rate
In operating mode, as a result of controlling the pressure value by changing the area of the throttle cross section, we obtained experimental data that reflect the relationship be- tween the flow rate Q and the pressure drop in the throttle (Fig. 3) . As the pressure after the throttle does not practically change, then the mentioned connection presented in Fig. 3 corresponds to the function:
Q=f(P 1 ).
The same figure displays the data obtained by numerical calculation of rate function, depending on the area of cross section of the throttle (which determines the value of pressure P 1 before the valve) by the ratios (1)-(4) , by technical parameters of the experimental unit. These functions differ on the characteristics by different type of lines. Certain areas of cross section correspond to the indicators of criticality Y 1m =0.125; Y 2m =0.5; Y 3m =0.7. In this case, a family of curves is created as the result of using the mentioned ratios for each indicator Y: (2), (4); Y 2m - (2), (4); Y 3m -(1), (3).
It follows from the analysis of experimental and calculated data that the drop of pressure on a throttle is determined by the pressure of the flow, which is supplied to the throttle, because the pressure after it does not practically change -under industrial conditions, this is the pressure of a pipeline while under conditions of experimental laboratory installation performance, this pressure corresponds to atmospheric.
It should be noted that the given throttle characteristics are similar in form, while the character of behavior of the function indicates that the flow passes in a supercritical mode. Fig. 3 also shows that the rate function, which is described by the Saint-Venant-Wantzel equation (3), (4), with the practically acceptable accuracy matches the data obtained experimentally. At the same time, the calculated data, obtained on the basis of dependencies (1), (2) with the assumption that the gas is incompressible, give a large error in determining a flow rate. The magnitude of the error does not make it possible to use these dependencies for modelling the work of a throttling device in the range of pressures that are in the zone of critical modes. Accordingly, setting on the optimum of a regulator of moisture removal, which is built based on the ratio -rate of gas/DP, is problematic.
Thus, to construct a mathematical model of a throttle that works at significant pressure drops of the flow, it is expedient to apply the ratio of Saint-Venant-Wantzel.
Implementation of the model in MatLab software
A necessary prerequisite for moisture removal in the process of throttling of the flow is the DP in the separator. The degree of reduction of this temperature determines the speed of growth of the size of the drops of moisture found in gas. Accordingly, the size of the droplets determines the speed of subsidence of moisture in the separator.
The change in temperature after a throttle occurs due to the effect of Joule-Thomson, which is described by the appropriate ratio:
where Т 1 , Т 2 are the temperature before and after a throttle, respectively, Р 1 , Р 2 are the pressure before and after a throttle, respectively, μ is the Joule-Thomson coefficient. Pressure drop on a throttle is a component of pressure losses in the flow-source (compressor or a well) Р sr , can be found by the ratio:
where Р pl is the pressure losses in the pipeline, ∆Р Th is the pressure loss on a throttle. Pressure losses in the pipeline are caused by the flow friction. According to the Darcy-Weisbach equation, the losses from the friction ∆Р pl are proportional to the speed pressure of gas medium [11] :
where λ is the coefficient of hydrodynamic friction losses; d is the diameter of the pipeline; ν is the flow rate; A is the area of the cross section of the pipeline. Therefore, pressure losses on the throttle in the model being considered in the work, have the form:
A scheme of simulation of these losses in the Matlab Simulink software is presented in Fig. 4 .
In accordance with the objectives of the research, the next step of the implementation of the model of a throttling device is the reflection of the connections of flow parameters in the MatLab Simulink software with consideration of the equations (3), (4) of Saint-Venant-Wantzel. The availability of fractional values of the parameters of criticality of the gas flow Y in the rate function forces to use approximation of this function by a polynomial of the 3rd order [12] . The error of approximation of power function is 3 %, which lets make this an acceptable approach for implementation of the model of a throttling device.
The input parameters for the block of the model (Fig. 5 ) that reflects the connection of the flow parameters to the characteristic of a throttle device are pressure before and after the throttle, the output parameter is the flow rate. The A defining factor of the control process is formulated as the difference between the DP and the temperature of the flow under throttling. Therefore, it is necessary, depending on the value of the area of a cross-section of a throttle, to track the difference between the received temperature of the flow T 2 and the DP. To do this, a block is introduced to the model that allows simulating arbitrary initial settings of the gas flow under throttling. The variable parameters of the flow are its temperature T 1 and humidity ψ. Then the value of the DP can be identified by the simplified formula [13] :
where ψ is the relative humidity of the input flow, T 1 is the temperature of the input flow.
It is the difference between the value of the temperature of the flow T 2 and the DP that allows specifying the required position of the throttle valve, i. e. the required area of the cross-section of the throttle, which will provide conditions for the condensation of water or carbohydrates contained in the flow of air or natural gas.
As a result of combining described blocks of modelling a throttling device, one can receive its static model, the scheme of which is depicted in Fig. 6 . Constructing a dynamic model of the considered object requires taking into account the inertia of the processes that occur in the volume of a throttling device, a connecting pipeline and the separator. However, estimating the volume of the throttle, compared to the volume of the unit's separator, a connecting pipeline and the pipes of a heat exchanger, one can neglect the influence of the throttle parameters on the dynamics of the moisture separation installation in general.
For simultaneous tracking of the effect of changes in a throttle cross section area on the related parameters of the object, a "quasi-random" simulator of the throttle's sectional area was introduced to the designed model.
If necessary, one can imitate arbitrary changes in the parameters of the incoming flow of air or gas with other simulators.
Results of modelling the process of throttling
If air enters the unit of moisture separation with random law of change in its parameters, then the conditions of moisture condensation change, too. Fig. 7 displays that changing the incoming temperature of the flow T 1 leads to the change of the DP and temperature T 2 , respectively, at unchanged temperature drop of a throttling device, which is determined by the difference of pressures (6) , to restore the conditions of moisture removal it is necessary to adjust position of the throttle valve. This correction is aimed at achieving the values of the flow temperature that are lower than the DP. 8 displays the influence of the value of a cross section area A on the flow rate after the throttle Q, the pressure before the throttle P 1 and the temperature after the throttle T 2 . Fig. 8 shows that as a result of change in the value of a cross section area, with a decrease in the temperature of the flow T 2 (condensation conditions that provide maximum selection of moisture), the flow rate decreases, which is in contradiction with the task of maintaining maximal productivity of the flow.
It is clear that an optimal mode of throttling of the installation will be achieved when the amount of the selected moisture and the flow rate at the output of the unit will be maximal.
Using a constructed model (Fig. 6 ) allows tracking a possibility to achieve the conditions of condensation at different positions of a throttle valve. Fig. 8 displays that in the case of unchanged parameters of the input flow (e. g., constant DP) due to the change in a throttle cross section area, the temperature of the flow changes accordingly -either approaching or deviating from the required DP. Therefore, setting the model parameters allows determining directions of achieving optimal modes of the unit's performance.
The simulation results can be applied in the industrial units of complex processing of gas (UCPG), coordinating the time of parameters setting with dynamic parameters of the models of a heat exchanger and a separator.
In addition, it is necessary to consider that in the actual UCPG, parameters of pressure and rate by the order of magnitude exceed parameters of the considered experimental installation. This consideration is based on the principles of the theory of similarity and requires additional research.
A difficulty of the research into a throttling model of gas mixture flow in UCPG is explained by the presence of hydrocarbons, the DP of which differs from the DP of water. That is why these circumstances must necessarily be taken into account when designing a control system for the process of separation of natural gas.
Conclusions
As a result of the conducted studies we designed a model of a throttle device that reflects different modes of gas flow. Based on the obtained experimental data:
1. It was confirmed that the flow that passes through a throttle valve under conditions of significant pressure drops is more accurately described by the Saint-Venant-Wantzel equation. Simulation in the ANSYS environment of the flow under throttling confirms the change in the modes of passing flow at different initial settings of a throttle valve.
2. A throttle transfer function was specified, which is the object of the interconnected control by the channel "values of a throttle cross section area/ flow temperature" and "the value of a throttle cross section area/flow rate". This allows identifying parameters of a throttling device in the aspect of formalization of the tasks of control.
3. A nonlinear nature of the influence of the value of a throttle valve cross-section area on the rate and the temperature of the throttling flow at the moisture LTS. In this case the capacities of efficient separation of moisture are limited by the conditions of transition into a supercritical mode of the passing flow. Given the formed criterion of control of the process, which boils down to the support of the maximum gas flow rate, at acceptable parameters of the content of condensation and moisture in gas at the output of the installation, a designed model allows tracking the process of throttling in real time. 
